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nondestructive, contactless, independent on the optical cou-
1 Introduction pling system, and applicable to a wide range of both planar
and channel waveguides with different geometioyried
channel, raised or embedded strip, rib or ridge gumted
materialst*? In the following, the determination of the
temperature rise and of the PD angle are discussed for a
waveguide system, and some experimental results are
given.

Optical waveguides are the basic components for the fabri-
cation of most integrated optical devices such as modula-
tors, filters, and sensors. The determination of the attenua-
tion coefficient of the optical power traveling in the guide,
which depends on the propagation los§es., absorption,
scattering is one of the most important characterizations. A
number of different methods have been developed in the
past. The main idea, common to several techniques, is to
calculate the propagation losses starting from the decay, in2 Theory

the direction of propagation, of any sigrigermal, optical,  Tq jnvestigate the optical properties of a waveguide, gen-
electrica) proportional to the guided light intensitglidin erally a pump light beam is coupled at the input edge of the
prism," pyroelectric; and out-of-plane scattered light  \aveguide(end-fire, prism couplingand is kept under ob-
methods. Other techniques enable one to estimate lossesgeryation during the propagation through the allowed
by measuring the quantity of heat generated in the samplemodes. In most cases, the beam intensity is uniformly at-
(calorimetri¢ method or by measuring the width of the  tenuated along the guide due to different loss processes
fringes of the optical resonafbr’ obtained by polishing the  (absorption, scatteringgiving rise to an exponential decay
waveguide endfaces. Recently a new method based on theyofile. The absorption processes produce a temperature
photodeflection(PD) effect has been proposed and uded. rise T along the waveguide and in the surrounding medium
In general the PD technigue analyzes the deflection of a test(air), which can be measured to reconstruct the intensity
laser bean{probg traveling in a medium with a thermally  profile. Note that all the photothermal techniques that en-
induced refractive index gradiénf'* from its originary  able contactless measurement of temperature rise profile
trajectory. For both planar and channel waveguides, the re-(i.e., radiometry or the thermal gradient profilé.e., PD
fractive index gradient is due to the thermal gradient pro- use a periodical regime of heating to reduce the experimen-
duced when the guided light, which is a prism or an end- tal noise. According to this requirement, before coupling in
fire-coupled time-modulated pump laser beam, is absorbedthe guide, the pump beam is intensity modulated by means
during the propagation. Compared with the previous tech- of a mechanical chopper working in the range of audio
niques, PD presents several advantages, including beingrequencieg1 Hz to 4 kH2.

Opt. Eng. 36(2) 515-520 (February 1997) 0091-3286/97/$10.00 © 1997 Society of Photo-Optical Instrumentation Engineers 515
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 22 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Bertolotti et al.: Optical losses characterization in waveguides . . .

we can assume the substrate-waveguide system, from the

REAL CONFIGURATION oy IMAGE METHOD thermal point of view, is a single medium. Therefore, Eq.
Input edge ’i (1) together with the boundary conditions can be rewritten
Air Air Air-image Air as
Far field Far field
.. — 2 ; —
Guide#* AR VT~ jw/DgTg=0 z<0
Air Substrate Substrate-image Substrate VZT J wTsub
: sub
L, Dsub
produced heat " produced heat " athl O(X’Z) exp ( B a| y|)
=— z>0
ksub
Fig. 1 Configuration. T T (©)
air| su
air 4z z=0_ sub dz tt=0

In the following, we give the solution of the Fourier heat  ( T, |,—0=Tsudz-0.
equation in the harmonic regime and discuss the tempera-
ture rise for different kinds of waveguide@lanar and  where the subscript sub stands for the substrate. The details
channel. In any case, the starting equation is the differen- of the solution of Eq.(3) are given in Appendix A. The
tial equation for heat conduction, which is written in the temperature rise in air far from the ed¢far thermal field

harmonic regime as is given for a channel waveguide by
jo w 1 +oo aayP
N e S O Toxyo)= fj
I Di I k ( Y ) ﬁ - (ksubgsub+ kairﬁair)(a2+5§)
where T, D, andk are the temperature rise, the thermal X exp(— Bairz) expli(sx+6yy)] doy déy;
diffusivity, and the thermal conductivity for each thermally @)

distinguished mediumg is the angular frequency of the
periodical heating proces is the optical power density  \hile for a planar waveguide it is
transformed into heatheat power densijy which, by as-
suming the guide to be single mode and the loss processes 1 (= aayP
to be uniform, can be written as T(X,y,2)=— f
Y T J o (ksubgsub+ kairﬁair)(a2+ 53)3-

W= aplo(x,2)e""  y>0, 2 X exp (— Barz) expli(d,y)] do. (5)

wherel, is the intensity of the guided mode at the input
edge(y=0), « is the total losses coefficient of the mode,
and ¢y, is the fraction ofa due to absorption only. In case
of a multimode guide, the expression feris given by the
superposition of thev's related to each mode. Particular
care must be paid to the boundary conditions of &g,
which imply the continuity of the temperature rige at
each interfaces between two different media and the con- 3 pp Technique
servation of the thermal fluk(dT/dn) crossingS. The ex-
act solution forT cannot be given in a closed form due
to the complexity of the boundarigsee Fig. 1 and nu-

The integrals in Eqs(4) and (5) are not given in a closed
form, but can be solved with a computer. The main result is
that by performing a scan along the direction of propaga-
tion (y), both Egs.(4) and(5) show an exponential behav-
ior in y from which the value of the total losses coefficient
a can be determined.

Generally, the PD effect consists of the bending of a probe
laser beam due to the thermal gradients along the beam

merical method$FDM) or a Schwarz-Christoffel transfor- path(mirage. This is the basic effect used for the detection
mation must be used to solve it. Other methods based on®f Many photothermal phenomena. The theory shows that

the bad thermal conductivity of the air provide a handy and the deflection from the originary trajectory of the probe
accurate approximation that tends to the exact one far fromP€am is in the plane transverse to the beam path and de-
the input edgefar thermal field. They basically consist of ~ PeNds on the thermal gradients in the direction orthogonal
neglecting the heat losses from the input edge of the guidetO the pa_th on.ly, according with the well-known formula
toward the air. This enables one to consider the half-space(9€0ometric optics

y<0 as a vacuum and to apply the image method for the 1 (dn

other ha!f-spacey_>0_(see Fig. ;L The main res_ult isthat = (_)th T(x,y,2) ds, (6)

the solution forT is given by a simpler geometrical system n\dT path

made of air(z<0) and the substrate-waveguide system

(z>0), where the edge ity=0 is removed; the resulting wheren and dh/dT represent the refractive index and the
structure is heated by both the heat power density given byoptothermal parameter of the crossed medidmis the

Eqg. (2) and its image foy<0. In many cases, the guiding temperature rise in air, ang, is the gradient transverse to
layer is obtained by doping the substrate to enhance itsthe paths. To characterize the propagation losses, the PD
refractive index, which is usually aboutdm thick so that angle must be measured along the guigelirection. This
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1. The lateral component is smaller than the vertical

B e be " one, being proportional ta/", which is much smaller
zﬁﬂy than (D ¢,dD i) Y2
X > a < OUtputedee 2. Both components of the deflection angle have an ex-

In air configuration / A ponential behavior withvy.
probebeam ¢ /o ' e, 3. Both components of the deflection angle depend

zl/ =

@y strongly on the height of the probe beam from the
Propagyé/ 4 surface. In particular, the phase and the logarithm of
e _d,,/_(;.b the amplitude of® decrease proportionally to the
Subsoate height, normalized to the air thermal diffusion length
input edge Z//air-

To determine the total losses, in principle, one must per-
form a scan in the direction at a fixed height. By plot-

ting the amplitude in a log scale, a linear slope is found that
directly gives the value o&. But in practice when the scan

Es performed, a setup misalignment always occurs sozhat
cannot be considered constant. If we take into account the
tilt angle 6 between the surface and the scan line, then the
heightz depends ory as followsz=y tan(6). If we intro-
duce this value for into Egs.(8), the attenuationv’ cal-
culated with the standard procedure differs from the right
value « according to the relationsHip

Fig. 2 Experimental setup: configuration in air and in situ.

requirement sets the probe beam path to be transverse to th
propagation axis and hence to the pump beam. Two differ-
ent choices for the probe beam path are available: the con
figuration in air orin situ (see Fig. 2 In the configuration

in air, the probe skims in the air as close as possible to the
guide. Sometimes, if the waveguide is able to reflect the
probe, a stronger signal can be obtained by bouncing the
probe laser beam near the guide with a small tilt angle and
by measuring the deflection angle of the reflected beam. | tan(6)

The configuration in air is usually applied when a physi- @ =@+ ;5 Vaf. ©)
cally contactless detection system is nee¢glbtorefrac- ar

tive or probe-absorbing waveguide3he deflection angle o

® has two components of which the one directed along the AN €legant way to correct for the misalignment and to ob-
z axis ®, is larger than the one along the propagation di- tain the righte is measuring the attenuation for different
rectiond, . By combining Eq/(6) with Egs.(4) and(5) and value_s of the chopper frequency. In fact, by plottw!’gas_a

by using the properties of the Dirac function, we find that function of the frequency square root, a straight line is ob-
the expressions of the deflection angle in the far field coin- tained from which botha and ¢ are calculated. Another

cide for both planar and channel waveguides and are effect of the misalignment is the dependence, absent for
constant, of the phase signal versus

_—2 dn aayP foc S sin(dy) exp(— By 2) dS

y T ﬁ ™ 0 (ksubgsub+ kairﬁair)(a'2+ 52) = + ﬂtan ( 0) Jarf d_qo = —lztan ( 6) f 10
(7) ¢ %o (Dair)l . dy (Dair)1 o ( )
2.dn aanP (= Ba COS(SY) exp(— By z) do . N
TadT o o (KeuBourt KanBar) (@24 6%) A comparison of Eqs(10) and(9) clarifies that the excess
Su Su alri~ailr.

of attenuation is present in the same way in the phase signal
also. Therefore another way to obtaitis given by analyz-

, ) i ing both phase and amplitude and subtracting the quantity
In general, the integrals in Eq&’) must be solved numeri- 4y from «'. With this method, total losses of the order
cally, but an exception exists in the case of an optical pen- ot 1 ¢! have been measured. Note that the method does
etration 1& larger than the thermal diffusion length of each ¢ provide an acceptable accuracy for very low loss

: ; . 112 : o
medium, defined ag’=(D/f )™ In this case, which is \yayequides, when no relevant attenuation is detected along

usually verified also for bad guidéa=10 cm %), Egs.(7) the whole guide and the log plot of amplitude has too weak
can be greatly simplified and become a slope. In this case, a different method must be used based
q y on the analysis in the near thermal figfiist few microme-
—1dnawP ar o ters from the edgeof the deflection angle in the configu-
qjy:Td_Tg (1+)) expl—ay—(1+))2//al ration in situ. In that region, we cannot neglect the heat
losses at the input edge, which are, by the way, responsible
1dn awP (Do 12 8 for the basic phenomena of the undeflected beam. The use
- Th ( Sub) exp[—ay—(1+))z// 4] of the configurationn situ (see Fig. 2 for low propagation
“ ndT Keyp \ Dy ar losses, guarantees a stronger signal because of the high

value of the solid’s optothermal parameter with respect to
that of the air. The probe beam is now focused into the
in which the air thermal conductivity term has been ne- waveguide, crossing the whole sample. In this configura-
glected. Equationg8) are the proof of our expectations. tion, the deflection angle has a component only along the
They show that channel direction. To provide a quantitative expression for
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the deflection angle, the theoretical model for the tempera- Table 1 Slope, phase derivative, and difference values.
ture distribution, which mainly takes into account the input
edge losses, gives f (Hz) @ (ecm™) de/dy (cm™?) Difference (cm™?)
. . 16 21.2+0.14 11.7+0.14 9.5
D ocexp — ay)— M exp( - ﬂ y) . (1) 36 24.7+0.5 15.6+0.5 9.1
(1+e)alyy / wg 64 35 *1 25.4=1 9.6
121 42.6+1.4 34.2+0.6 8.4
where 225 54.8+0.9 46.5+0.7 8.3
25 12 400 68 =1 60 *+1 8
/airlwg:( a'ffwg) ’ 900 80 =*3 72 *3 8
w
G Kai pC) air 1/2_& (%) 1/2_ kair/wg o )
Cug - —kwg(PC)wg - Kug | Dar - Kug” air” which is useful only ifa/>e. Note that the low value of

e (0.00) is of help both for the existence condition and to
establish the position at some distance from the edge.

Finally, note that in all methods, the absolute value of
the deflection angle is of no importance; only its relative
behavior with respect to the position along the waveguiding
direction needs to be determined.

p, andc are the thermal diffusion length, the thermal effu-
sivity ratio, the density, and the heat capacity, respectively.
The deflection angle depends on two exponential terms that
have different decay lengths connected, respectively, with
the thermal diffusion and the optical propagation. The ther-
mal diffusion exponential term has importance only for the
first few micrometergy</), being negligible for longer 4 Experimental Results

distances from the input eddfar field). In the analysis for  The channel waveguide used to test the first method by
a short distancenear field, the diffusion exponential term  measuring the exponential decay of the deflection signal
cannot be neglected with respect to the absorption term.\ya5 g glass substrate with six channels eagin8wide,
Considering the phase of the two terms, however, it is pos- gptained by ion exchange. The refractive index of substrate
sible to find some lengtly;, for which the two exponen- 5 1 55 with an increase in each channel of about 0.005.
tials have opposite sign so that a minimum in the deflection Figure 3 shows the logarithm of amplitude ®f, versusy
signal is obtained corresponding to a maximum in tempera- jn ‘micrometers for different frequencies. Note that starting
ture. Using a computer one can find that if this minimum fom a certain distance, the experimental curves have a
exists inside the waveguide, it is independent from the |inear behavior. The different slopés’) are reported in
modulation frequency and depends only on the thermal ef- Tapje 1 and plotted in Fig. 4 as a function of frequency
fusivity ratio e (thermal lossgsand the propagation 10ss  square root. As previously discussed, the apparent loss co-
coefficienta, giving the empirical relatioft efficient o' depends linearly on the square root of the fre-
qguency(squares in Fig. ¥ The value of the tilt angle that
produces this effect can easily be calculated to be 15 deg,
and when the straight line is extrapolated to zero frequency,
the intercept is the real, which results in~9 cm?!
(=10%). The line with crosses in the figure is the experi-

e
aymn=In (1+e)~e from which a= , (12

min

Log ‘le (a.uw.)

Offset y ( pm) 0 2 4 6 8 10 12 14 16 18 20
Square root frequency (Hz%)

Fig. 3 Experimental results on the glass waveguide: logarithm of

the amplitude versus the offset from the edge: the chopper frequen- Fig. 4 Squares are the attenuation «’, crosses are d®/dy in inverse
cies are f=16, 36, 121, 225, 400, 900 Hz; the measured loss is a~9 centimeters versus the frequency square root, and the continuous
cm™L. lines are given by the best fit method.
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4 1 oo .
0 f=1600 Hz T(X,y,z)=—4 7 ff t(6x,0),2) exd (o
35 & + f=1225Hz 77 -
;‘ Y 0 f=625 Hz
3 : 3 +6,y)] déy doy=1(dx,6y,2)
T 25 A s *i o
s P4 5 =f f T(x,y,2) exd —j(Sx+8,y)] dx dy.
< — 00
— . LS
e Y
= 154 :‘,’ 4##:% Y (13
& ﬁ*o
X o, oB2M0Y i -
.. %; BN °°} In this domain, Eq(3) becomes
0 0 2 @ e 80 '00 T120 140 dztair_ 2+ _p 0
Di d 2 IBairtair_ z<
istance from the edge (|t m) Z 14
dztsub ( )
7~ Bautsub
Fig. 5 Experimental results for the Ti:LiINbO5; waveguide: the ampli- dz sug-su
tudes of the deflection angle are for different frequencies as a
function of the distance from the edge. The measured loss is .
a~0.25 cm™%: squares, 625 Hz; crosses, 1225 Hz; and diamonds, 2 aylo(X,2) exp—aly|) exd —j(dyy+ 8X)]
1600 Hz. =- K
—® sub
Xdx dy z>0,

mental db/dy values. It is exactly parallel to the’ line, as

expected from Eqs(9) and (10) and crosses the origin of ~ where=(85+ 62+ jw/D)"2 The general solution faris

the axes. given by an exponential function it
In columns 3 and 4 of Table 1 the derivative of the

phase and the difference witld are reported. As an ex- t 5= APai? z<0

ample of a waveguide with low losses, the experimental to =B P >0,

results for a Ti:LINbQ channel waveguide are reported.

The value of the effusivity ratio at room tem_perqture IS \where the factoré& andB are given by the boundary con-
aboute~0.0012. The measurements reported in Fig. 5 are ditions of continuity of temperature and normal heat flux at
made at different chopper frequencies625, 1225, and  z=0 according to the relationships

1600 Hz. Note that the minimum does not change its posi-

tion. The estimate oy, is about 70um, which gives rise

to a propagation loss coefficient of abowt=0.17 cm!

(+10%). The fit is in good agreement with the value given | tail,—o=tsud,—0=A=B (16)

by other techniques. |
amf f f lo(X,2) exp( — aly|—j&x—éd,y) dx dy dz

(19

5 Appendix A =-— ksub%wt air d;—;"
The solution of Eq(3) depends basically on the intensity

profile I, of the guided mode; in the following, we deal

with two different kinds of waveguides: channel and planar channel A=
waveguides. For a channel waveguide, the typical small
section used for light propagation enables us to assume for
the intensity profile the simple expressiohy(X,z)
=PA(x)A(z), whereA is the Dirac function andP is the
optical power coupled at the edge. For a planar waveguide, The temperature rise in air is given by the Fourier antitrans-
the light is again well localized im but is spread in a wide  formation of Eq.(3):

regiona along thex axis so that 4(z) =PA(z)/a. In any

case, the solution of Eq3) is given by using the spatial 1 +o

Fourier transform method. The method enables us to defineT(X.y.2)= 7— f f A exp(— Baiz)

an auxiliary transformed domain of the plax (5, ,dy) in -

2aayP

(KsubBsubT KairBain) ( a’+ 532/)
aanP2—mA(5,)/a

(KsubBsubT KairBain) ( a®+ 532/) .

=

planar A=

which we can study the transformed temperature tise Xexdj(ox+4,y)] déy ddy, (17)
which is linked toT by the following direct and inverse
formulas: which for a channel waveguide gives rise to the expression
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T( ) 1 f j“ﬁ aanP
Xl !Z =5 7
Y 27 —o (KsunBsubt KairBair) ( a®+ 5)2/)

X exp(— Bair 2) X j(dX+6yy)] déy ddy,

(18)
and for a planar waveguide is
Too= [ e L
7)o (KsuBsub KairBai) (@ + 85)a
X exp(— Bar 2) exfj(dyy)] déy. (19
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